Rationale To address the public health problems caused by smoking, researchers have suggested a gradual reduction in the nicotine content of cigarettes. There remain concerns, however, about the potential for smokers to compensate for reductions in nicotine content by altering their smoking behavior. Such compensatory behaviors may negate any potential cessation and/or harm reduction benefits. Objective The purpose of this study was to quantify smoking behavior (e.g., puff number, volume, duration, interpuff interval, and peak flow) in response to cigarettes, varying only in nicotine content, administered repeatedly. Methods Sixty-seven dependent smokers participated in this two-session, within-subject study. Moderate nicotine content and placebo cigarettes (Quest© brand) were administered in a double-blind and counterbalanced manner. Each session required 12 h of tobacco abstinence and included four ad lib smoking bouts of the condition-assigned cigarette with 40 minutes separating each bout. Results Placebo cigarettes produced increases in total puff volume and duration and decreases in total interpuff interval relative to cigarettes with moderate nicotine content. Differences in total puff volume and duration generally dissipated across smoking bouts, with differences in total puff volume nonexistent by the third and fourth bouts. Conclusions Placebo cigarettes produce compensatory smoking during initial exposures; however, these effects appear to be short lived. These findings are consistent with the previous work where smoking compensation has been observed in response to a single cigarette, but not over several days of smoking.
Introduction
As an instrument for nicotine delivery, the cigarette is ideal for producing dependence. Inhaled nicotine is absorbed rapidly into the bloodstream and delivered to the brain within 7-10 s, with blood levels peaking within a few minutes (Benowitz 1996; Benowitz and Henningfield 1994; Hoffmann et al. 1997) . The speed of nicotine delivery appears critical to the reinforcement of nicotine administration, with slower methods of delivery, such as buccal (gum) and transdermal (patch), generally recognized as less addictive than inhalation (i.e., smoking; Perkins 1999). Benowitz and Henningfield (1994) have proposed a threshold value of nicotine that a cigarette must contain to maintain dependent smoking. This threshold is based upon the estimated daily nicotine intake of minimally dependent smokers (4-6 mg daily) and the absolute bioavailability of the nicotine contained in cigarettes. In turn, it has been suggested that the reinforcing value of smoking behavior could be reduced or extinguished by limiting the nicotine delivered via cigarettes (Benowitz and Henningfield 1994; Walker et al. 2009 ).
In contrast to the hypothesis that reductions in nicotine will reduce smoking behavior, there is considerable evidence demonstrating that smokers compensate for these reductions by altering their smoking behavior (Scherer 1999) . Smokers have been shown to take more frequent, larger, and/or longer puffs when they switch from higher (e.g., full flavor) to lower (e.g., light and ultralight) nicotine yield commercial cigarettes (Blank et al. 2009; Herning et al. 1981) . Importantly, although full flavor and light cigarettes yield different levels of nicotine as measured by machine-based smoking, light cigarettes do not actually contain less nicotine than full flavor cigarettes. In fact, among typical brand cigarettes, the percentage of nicotine in tobacco has an inverse relationship with machinemeasured nicotine yield (Benowitz et al. 1983) . Light cigarettes produce reduced nicotine yields by diluting smoke with air drawn in through ventilation holes on the filter. However, if smokers block these ventilation holes and/or alter their puff topography, the nicotine dose delivered by these cigarettes may be increased. As such, the machine derived nicotine yield of consumer brand cigarettes does not predict blood levels of nicotine exposure biomarkers (Benowitz et al. 1983) .
Moreover, reductions in nicotine yield achieved by smoke dilution are traditionally accompanied by reductions in other tobacco smoke constituents such as tar (see Federal Trade Commission 2000) , which may also result in compensatory smoking behavior (Sutton et al. 1982) . It remains unclear whether compensatory smoking patterns occur in response to reductions in nicotine, tar, or a combination of the compounds present in tobacco smoke. To provide a more stringent test of the effects of nicotine on smoking behavior, it is prudent to examine the effects of cigarettes, which vary in nicotine content, but produce similar levels of tar and other tobacco smoke constituents (Robinson et al. 2000) . Well-suited for this purpose, Quest cigarettes (Vector Tobacco, Inc., Research Triangle Park, NC) are manufactured from tobacco that has been genetically modified to vary in nicotine content, but produce comparable levels of other smoke constituents (e.g., 10 mg tar). Specifically, Quest cigarettes are available with nicotine contents of 8.9 mg (Quest 1), 5.1 mg (Quest 2), and 1.0 mg (Quest 3) per cigarette, resulting in smoking machine-based nicotine yields of 0.6, 0.3, and <0.05 mg, respectively. Quest 3 cigarettes can be considered placebo cigarettes as their nicotine yield is negligible (Robinson et al. 2000) .
Smokers have been administered all three nicotine doses in a counterbalanced order (30 min interbout interval), 30 min after smoking their own brand of cigarette ad libitum (Strasser et al. 2007 ). Larger puff volumes were observed for the placebo dose (Quest 3) relative to a moderate dose (Quest 2), but not the highest dose (Quest 1), providing partial evidence for compensatory smoking between single cigarette trials of varying nicotine content (see also Pickworth et al. 1999) . Smoking topography across nicotine dose has also been investigated during extended periods of repeated exposure. Smokers given an unlimited supply of either placebo (Quest 3) or nicotine-containing (Quest 1) cigarettes over an 11-day period showed no changes in smoking topography (i.e., puff volume, puff duration, interpuff interval, peak flow, or average flow) between doses across three evaluation days (Donny et al. 2007 ). However, overall daily consumption decreased among those receiving placebo cigarettes, supporting the hypothesis that lower nicotine content cigarettes may reduce the reinforcement value of smoking (see also Buchhalter et al. 2005) . A separate study found that individuals assigned to smoke only placebo cigarettes for a 7-day period actually displayed reduced total puff volumes relative to those receiving nicotine-containing cigarettes (Donny and Jones 2009) . These findings appear to contradict earlier studies which have observed persistent compensatory smoking patterns when smokers switched from high-yield to lower-yield commercial cigarettes (as in Guyatt et al. 1989) . Again, this discrepancy may be explained by differences in the amount of nicotine contained (as opposed to machine-derived nicotine yield) in the cigarettes investigated.
As with many other substances of abuse, preclinical studies investigating the self-administration of nicotine have consistently observed inverted U-shaped dose response patterns; self-administration rates increase and then decrease with increasing dose concentrations (Meisch 2000; Rose and Corrigall 1997; Fowler and Kenny 2011; Corrigall and Coen 1989; Donny et al. 1995; Risner and Goldberg 1983; Sannerud et al. 1994) . Along the descending end of the curve, a reduction in dose concentration can result in an increased self-administration rate. This is consistent with the prolonged compensatory smoking patterns observed when smokers are switched from high-yield (full flavor) to lower-yield (light) cigarettes (Guyatt et al. 1989) . In contrast, placebo doses should produce extinction of self-administration.
Indeed, extended use of placebo cigarettes has been shown to result in a gradual reduction in smoking behavior (Benowitz et al. 2007; Donny et al. 2007; Hatsukami et al. 2010a) . A simulation study predicted that reduced nicotine content cigarettes could reduce national smoking rates to 5% and save 157 million quality-adjusted life years (Tengs et al. 2005) . However, there is also evidence that individuals show acute compensatory smoking behaviors in response to these same cigarettes, potentially increasing harm from smoke exposure (Strasser et al. 2007) . Given the limited number of studies using such cigarettes and the potential impact of this research for informing public policy (Hatsukami et al. 2010b) , it is imperative to characterize the presence, magnitude, and duration of compensatory smoking in response to placebo cigarettes. Doing so will also help delineate the effects of total cigarette nicotine content on smoking behavior and reconcile human and animal investigations of nicotine self-administration.
The present study investigated the effects of nicotine content on smoking topography measures using experimental cigarettes which vary only in nicotine content. Within each of two sessions, dependent smokers' puff topography was observed across four nicotine-containing (8.9 mg) or placebo (1.0 mg) cigarettes. Previous work suggests that compensatory smoking behavior would be observed in response to the placebo cigarette, relative to the nicotinecontaining cigarette, and that the magnitude of compensatory smoking would diminish across cigarette trials.
Method

Participants
Eighty-three smokers were recruited from the Tampa Bay area for participation in a study investigating the effects of nicotine content on neural indices of attention (the primary study data are not reported here). Inclusion criteria were as follows: between the ages of 18-70 years and use of 15 or more cigarettes a day for the past 2 years (current smoking was biochemically verified; carbon monoxide level of ≥10 ppm, urinary cotinine level of ≥100 ng/mL). Participants were excluded if they used nicotine products other than cigarettes within the past 3 months; tested positive for psychoactive drug use (i.e., benzodiazepines, barbiturates, opiates, amphetamines, cocaine, PCP), tricyclic antidepressants, or pregnancy; reported any past head injury or loss of consciousness; had a current serious medical condition (e.g., cardiopulmonary problems, cancer, other major life-threatening illnesses); or were unable to read and understand consent forms and questionnaires. Participants were also administered the Structured Clinical Interview for DSM disorders (SCID; First et al. 1994) and were excluded if they met criteria for a DSM-IV Axis I disorder (i.e., psychosis, major depressive episode, manic/hypomanic episode, panic disorder, current alcohol, or substance dependence).
Sixteen participants were excluded from the present analysis because of procedural errors in the use of the smoking topography equipment that occurred during a 2-month period of time. Of the remaining sample of 67 participants (49 males), 54 identified themselves as white, 12 as black or African American, and 1 as an American Indian or Alaskan Native. The average age was 39.8 years old (range019-63; SD011.6); participants smoked 22.4 cigarettes per day (range015-40; SD06.7) and had a Fagerström Test of Nicotine Dependence (FTND; Heatherton et al. 1991 ) score of 5.74 (SD01.85), indicative of moderate dependence on nicotine. The study was approved by the institutional review board of the University of South Florida and as such was conducted in accordance with the standards outlined in the 1964 Declaration of Helsinki.
Procedure
Following the completion of an assessment session during which informed consent was obtained, and eligibility was established, participants completed two separate 2.5-h experimental sessions (scheduled 3 to 14 days apart). Sessions were double-blinded, counterbalanced, and only differed in the nicotine content of the cigarettes administered: Quest 1 (8.9 mg) or Quest 3 (1.0 mg) cigarettes (Vector Tobacco Inc., Research Triangle Park, NC). To standardize presession tobacco and alcohol consumption, 12-h abstinence from smoking (CO level of <10 ppm or no greater than half of their CO level at initial assessment) and alcohol (blood alcohol level of <.001%) was required. Participants who complied with these restrictions then smoked the first of four cigarettes at their own pace through a mouthpiece connected to a smoking topography device (they were told that cigarettes would contain varying doses of nicotine). Each subsequent cigarette was smoked 40 min following initiation of the previous cigarette, and all cigarettes were followed immediately by completion of a subjective questionnaire (described below). Participants were prepped with an electroencephalogram (EEG) cap between smoking bouts 1 and 2, and administered attention and working memory tasks between smoking bouts 2 and 3, and bouts 3 and 4 (data to be reported elsewhere).
Measures
Smoking topography measures included total puff volume, total puff duration, total interpuff interval, total number of puffs, and average maximum peak air velocity per cigarette. These data were measured using the Clinical Research Support System (CReSS; Borgwaldt, KC), a computerized device shown to have negligible effects on smoking behavior and to be effective for quantifying smoke exposure (Blank et al. 2009; Lee et al. 2004 ).
The subjective questionnaire administered after each smoking bout was the Modified Cigarette Evaluation Questionnaire (mCEQ; Cappelleri et al. 2007 ). The mCEQ contains 12 items and assesses five domains: smoking satisfaction, psychological reward, aversion (e.g., dizziness and nausea), sensory feelings, and reduction in craving.
Data analyses
To examine compensatory effects, we assessed nicotine effects (nicotine vs. placebo) across the four cigarettes via mixed-model repeated measures analyses. The models included effects for nicotine content (nicotine vs. placebo), cigarette trial (1, 2, 3, and 4), and the interaction of these two factors as fixed effects, with cigarette trial as a random effect. Primary dependent variables included all topography values mentioned above. For each measure, values for the first puff, which occurred directly after lighting, were omitted. Subjective responses to smoking were also examined with mixed-model analyses. Planned comparisons of nicotine content, across each smoking bout, were conducted when mixed-models revealed significant main effects that included nicotine content (i.e., nicotine content or nicotine content X cigarette trial interaction). Figure 1 shows the means for topography measures for each cigarette smoked during the two sessions. For total puff volume and total puff duration (Fig. 1a, b (Fig. 1c ) was significantly reduced with placebo cigarettes [F(1, 66)028.2, p<0.001]; however, no effects were evident for the cigarette trial or the interaction term (p's>0.29). Thus, there were significantly longer intervals between puffs for nicotine-containing cigarettes, across all four bouts (p's≤0.03). Number of puffs taken and average peak air velocity (Fig. 1d, e) showed no significant effects for nicotine content (p's>0.07), cigarette trial (p's>0.50), or their interaction (p's>0.12). Figure 2 depicts the subjective ratings for each cigarette smoked during the two sessions. Smoking satisfaction and sensory feelings were greater in the nicotine condition [F(1, 76) 012.9 and F(1, 75)011.8, respectively, p's00.001]. These subjective ratings also showed reduction across cigarette trial [F(3, 271) 05.0 and F(3, 263)07.7, respectively, p's≤0.002], but no interactions between nicotine and cigarette trial were observed ( Fig. 2a, b ; p's>0.21). Thus, participants rated cigarettes with higher nicotine content as more satisfying and indicated that they enjoyed the sensory aspects to a higher degree than when smoking cigarettes with lower nicotine content; these effects diminished across smoking trials, regardless of nicotine content. The nicotine-containing cigarettes were also found to reduce cravings to a greater extent than placebo cigarettes [ Fig. 2c; F(1, 89) 010.3, p00.002)]. In addition, a statistical trend for the interaction between cigarette trial and nicotine content indicated that craving reduction occurred following the first cigarette trial, but was attenuated thereafter, F(3, 150)02.5, p00.07. Differences between nicotine content were significant only during the first cigarette trial [F(1, 74) (Fig. 2d, e) , that is, smoking was generally more rewarding and aversive (i.e., caused a higher degree of dizziness and nausea) for higher dose cigarettes, but these differences attenuated across bouts.
Results
Smoking topography
Subjective effects
Discussion
The aim of this study was to examine the time course of compensatory smoking behavior by comparing smoking topography responses to multiple nicotine-containing (8.9 mg) and placebo (1.0 mg) cigarettes smoked during two separate sessions. This sample of dependent smokers demonstrated compensatory behavior while smoking placebo cigarettes, but these effects generally dissipated across cigarette trials. For total puff volume, differences between nicotine-containing and placebo cigarettes were no longer detectable by the third cigarette smoked. For total puff duration and total IPI, some significant differences between conditions were still observable at the third and/or fourth smoking bouts, though they were markedly less pronounced than those observed at the first and second smoking bouts. For example, the absolute mean difference between nicotine and placebo for total puff duration was 2.5 s (SE00.65), 3.1 s (SE00.56), 1.2 s (SE00.70), and 1.5 s (SE00.66) for bouts 1, 2, 3, and 4, respectively. The differences in total puff duration at these later bouts were insufficient to produce significant elevations in total puff volume.
This pattern of results appears to differ from that of a previous work where exclusive use of placebo cigarettes reduced smoking behavior relative to otherwise identical nicotine-containing cigarettes (Donny et al. 2007; Hatsukami et al. 2010a ). Of course, that smoking behavior diminished in the absence of nicotine was not unexpected, given that nicotine is considered the agent primarily responsible for maintaining smoking. However, increased self-administration responding is sometimes observed when dependent smokers are required to respond for placebo or have the effects of nicotine blocked by antagonist drugs (Rose and Corrigall 1997) . Such compensatory responses are short lived and resemble extinction bursts of the sort observed in humans and animals when reinforcer delivery is suspended.
Extinction burst responding has typically not been observed in animal investigations of nicotine self-administration, though such an effect has been recently documented in rodents (Harris . 2007) . Substitution of nicotine with saline after the establishment of nicotine self-administration produced increases in the rate of self-administration. However, these extinction bursts were very short lived (observable only during a period of an hour or two), and the magnitude and timing of extinction bursts was variable between subjects. This is consistent with our own data and suggests that the subtle and short-lived nature of these responses may make them difficult to detect with more distal measures of nicotine selfadministration (e.g., cigarettes per day). Interestingly, in rodents, the production of an extinction burst was predicted using the rate of self-administration during the first two hours of drug availability during maintenance, and burst responding subsequently predicted resistance to extinction. As a proximal measure of nicotine administration, acute compensatory responses to placebo cigarettes may have the utility for predicting treatment responses in humans as well. Other topography measures have already been determined to predict cessation outcomes in adolescents (Franken et al. 2006 ) and adults (Strasser et al. 2004) .
One might also consider the present findings in the context of the response cost of drug-seeking behavior. When the nicotine yield of a cigarette is reduced via design features (i.e., ventilation), the user must smoke more intensively to deliver a nicotine dose comparable to that which could be obtained through less intensive smoking of a higher-yield cigarette. In both humans and animals, the self-administration of drugs can be maintained when the response cost is increased. However, the persistence of self-administration in the context of increased response cost is dose-dependent, that is, persistent responding is maintained when the response cost is increased at higher doses, but is not maintained at low doses (Meisch 2000) . Thus, increased responding may be maintained when dependent smokers switch to commercial lower-yield cigarettes (which contain considerable nicotine), but not when switched to reduced nicotine content cigarettes. Because content is limited, compensation strategies that are employed while smoking these cigarettes do not produce notable increases in nicotine delivery (Benowitz et al. 2006) .
It is important to note, however, that most smokers do not completely cease smoking even when restricted to placebo cigarettes (Hatsukami et al. 2010a ). Furthermore, smokers often consider placebo cigarettes as more aversive (e.g., increased ratings of "harsh," decreased ratings of "taste good") than their usual brand (Buchhalter et al. 2005; Donny et al. 2007 ), which may influence natural smoking behavior. In the current study, ratings for aversion were generally low for both types of Quest cigarettes. Although the nicotine-containing cigarettes were rated as more aversive than the placebo dose initially, these differences also dissipated over the repeated smoking bouts. Taken together, current and previous work suggest the need for additional research to validate the idea that placebo cigarettes are unlikely to maintain self-administration behavior, and thus may be effective as a smoking cessation aide (see Hatsukami et al. 2010b; Walker et al. 2009 ). Future studies using multiple doses of nicotine will be necessary to determine if there is indeed a threshold dose of nicotine content necessary to maintain regular smoking as proposed by Benowitz and Henningfield (1994) . Fortunately, a new line of reduced nicotine cigarettes are currently being tested for research purposes through the National Institute of Drug Abuse. Several doses of nicotine will be offered, including doses that fall below those previously available with Quest (i.e., 0.02 mg).
To confirm that the compensatory patterns described presently reflect extinction burst responding, it will be important for future studies to demonstrate that short-lived compensation emerges when dependent smokers are switched to placebo cigarettes after being maintained on otherwise identical nicotine-containing cigarettes. Comparisons with conventional brand smoking should be avoided, as these traditional cigarettes also vary in other ingredients and design features likely to affect smoking topography. The present study tested smokers after 12 h of smoking abstinence in order to standardize presession nicotine exposure. Sessions began in the morning hours, and thus the present findings may be most relevant to the effects of nicotine content after overnight abstinence. Future research should determine whether these same effects are observed after shorter periods of abstinence. Additionally, larger sample sizes will be necessary to detect moderators of compensation. For example, genetic polymorphisms (e.g., Strasser et al. 2011) or assessments of dependence (e.g., Brauer et al. 2001 ) may predict those more or less likely to compensate and/or to extinguish smoking behavior with reduced nicotine cigarettes.
In summary, the present results are consistent with prior observations of smoking compensation in response to placebo (Quest 3) versus nicotine-containing (Quest 2) cigarettes during a single smoking trial (Strasser et al. 2007 ). Furthermore, we provide evidence that compensatory smoking in response to placebo cigarettes partially extinguishes over the course of several cigarettes. These findings appear to be consistent with a lack of compensation when smokers are observed across multiple days of testing (Donny et al. 2007) and suggest that compensatory smoking may not pose a significant limitation to the use of low-nicotine cigarettes for cessation and harm reduction efforts. However, these results should be replicated and extended before being applied to smoking cessation and harm reduction treatment protocols.
